Oxygen zonation is a critical aspect of liver functions. A human microphysiology system is needed to investigate the impact of zonation on a wide range of liver functions that can be experimentally manipulated. Because oxygen zonation has such diverse physiological effects in the liver, we developed and present a method for computationally modeling and measuring oxygen that can easily be implemented in all MPS models. We have applied this method in a liver MPS in which we are then able to control oxygenation in separate devices and demonstrate that zonationdependent hepatocyte functions in the MPS recapitulate what is known about in vivo liver physiology. We believe that this advance allows a deep experimental investigation on the role of zonation in liver metabolism and disease. In addition, modeling and measuring oxygen tension will be required as investigators migrate from PDMS to plastic and glass devices.
Introduction
The human body functions over a broad range of oxygen (O 2 ) concentrations that are required for specific organ functions. The liver is composed of approximately 100,000 small hexagonal structural units known as lobules. At the periphery of these lobules, oxygenated blood from the portal venules and the hepatic arterioles enters the sinusoids where oxygen is consumed, principally by the hepatocytes, forming an O 2 gradient (zonation). 1 Multiple factors including O 2 concentration, hormone gradients, nutrients, matrix composition, and the distribution of non-parenchymal cells are thought to contribute to hepatocyte zonation. 2 Metabolically, the functional unit of the liver is the hepatic acinus, which can be divided into three Zones: Zone 1 periportal (PP), Zone 2 transitional, and Zone 3 perivenous (PV) (Figure 1 ). 3 The periportal Zone 1 is supplied with highly oxygenated blood (pO 2 & 60-70 mmHg & 10-12%), whereas the perivenous Zone 3 is proximal to the central vein and receives oxygen depleted blood (pO 2 & 25-35 mmHg & 3-5%). 4 Despite the important role of zonation in modulating liver functions, no human microphysiology system (MPS) replicates the microenvironments found in the different sinusoidal zones.
Oxygen zonation in the liver impacts multiple cellular functions including: carbohydrate, amino acid and lipid metabolism; energy metabolism (oxidative phosphorylation and glycolysis); drug metabolism; protein synthesis; autophagy; antioxidative mechanisms; and others. 5 Because oxygen zonation has such diverse physiological effects, liver MPS models must address oxygenation and incorporate monitoring and control of the oxygen tension. Furthermore, experiments in which oxygenation is controlled or manipulated should take into account the time required for zonal physiological changes to occur.
Oxygen zonation also plays a role in disease progression, although our understanding of the relationship between liver diseases and zonation is limited. 6 Periportal fibrosis is found in approximately 30% of cystic fibrosis patients providing one clear example where the location of the early stage liver disease is restricted to a single liver Zone. 7 The genetic defect accounting for the loss or dysfunction of the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel is found in portal triad cholangiocytes. 7 The disease obstructs bile flow, induces local inflammation followed by the activation of hepatic stellate cells, which ends in progressive fibrosis. 7 Another example of the role of zonation in a disease involves the Wnt/b-catenin signaling pathway as the master regulator of zonation. 8, 9 This pathway is of interest in a type of welldifferentiated hepatocellular carcinoma in which high levels of mutant b-catenin activation are found in the perivenous region (Zone 3). [9] [10] [11] The Wnt/b-catenin pathway may also be responsible for the switching of Zone 2 to Zone 1 early in the infection of hepatocytes by low levels of HCV virus in mouse models. 12 Finally, evidence suggests the zonation dependence of protein, glucose and lipid metabolism may have important implications in the pathogenesis of nonalcoholic steatohepatitis (NASH). 13 It is therefore important for MPS models of liver and other organs to mimic as close as possible the in vivo physiological environment in terms of oxygenation, as well as nutrient supply, chemical gradients, mechanical forces, cellular composition and architecture, in order to achieve more relevant differentiated cellular phenotypes and functions. 14, 15 Optimally, constructed organs-on-chips (MPS) comprising the proper human cell types, assembled in a relevant tissue architecture and growing under physiological conditions should behave like the functional units of organs in the human body, making them powerful in vitro models for studying diseases and drug testing. 16, 17 When compared to animal models, these MPS models are expected to be more relevant to the human, less expensive, more reproducible, and can be tailored to specific organ functions. In the case of the liver, most of the liver MPS address specific properties of the liver without regard to zonation. For example, there are MPS models focused on collection of bile, 18 improved microscale architecture, 19 embedded microvascular systems, 20 or large scale hepatocyte culture. 21 However, zonal differences in hepatocyte physiology must be considered in developing liver MPS. For example, MPS liver models are often evaluated based on levels of albumin and urea synthesis, which are higher in the periportal Zone, as well as levels of Cyp450 expression, which are higher in the perivenous Zone. There is no evidence that hepatocytes can simultaneously exhibit both phenotypes. 4 There are microfluidic liver models that incorporate oxygen gradients using perfusion in flat plate bioreactors; [22] [23] [24] [25] however, the 2D hepatocyte cultures in these reactors lead to loss of key functions after only a few days. 4 An optimal 3D, multicellular liver MPS with the ability to control the microenvironment to create distinct zonation is clearly advantageous for studying liver physiology, liver diseases, testing compounds for toxicity and for coupling to other organ MPS. 26 In MPS models, oxygen can enter the system by two means -diffusion through the materials, and through media exchange. Polydimethylsiloxane (PDMS) is routinely used for prototyping models because it is easy to fabricate and is oxygen permeable. 27 However, PDMS absorbs hydrophobic compounds, limiting the ability to test them in most MPS. 28 Significantly, devices can be fabricated in plastics that will bind far less of a hydrophobic compound; however, most plastics are oxygen impermeable making it more challenging to provide sufficient oxygen. Poly(methyl pentene) is a promising new plastic for fabricating devices with some oxygen permeability, 29 although its compound adsorption properties have not been well characterized. Dissolved oxygen also enters MPS models during media exchange or flow. Oxygen is depleted in MPS models through the consumption of oxygen by the cells, and oxygen in the effluent. The consumption can be affected by the cell density, as well as by the cell type (e.g. hepatocytes consume much more oxygen than endothelial cells). The balance between the net oxygen entering the system and the oxygen consumption by the cells determines the final steady state oxygen tension. Computational modeling and measuring of oxygen in the MPS are required to determine whether the cells in an MPS are in a normoxic, hypoxic or hyperoxic environment, preferably with temporal and spatial resolution.
In this study, we present our next generation, 3D, Liver Acinus MPS (LAMPS), an extension of our first liver MPS, 17 with improved acinus structure and cellular composition, in a commercial device consisting of glass, PDMS and plastic. 17 The first improvement was the addition of a thin extracellular matrix on the hepatocytes to mimic the Space of Disse. The Space of Disse is a protein-rich interface that creates a permeable layer in the sinusoidal lumen, which is covered by fenestrated endothelial cells and rests on the basolateral surface of hepatocytes. It has a crucial function to allow direct contact of blood plasma and unimpeded transfer of signaling molecules, xenobiotics and nutrients to the hepatocytes. 30, 31 Furthermore, the space of Disse contains hepatic stellate cells and is the location for life threatening liver pathologies such as fibrosis and cirrhosis. 32, 33 Second, the LAMPS in this study used primary human endothelial cells along with primary human hepatocytes, a stellate cell line and Kupffer-like immune cells. The development of the LAMPS model has been evolutionary, and while the goal is to use all primary human liver-derived cells, or patient iPS-derived cells, the cells used here provided a robust model on which to evaluate control of oxygenation and it's effect on hepatocyte functions.
To address oxygenation in the LAMPS, we developed a computational model of oxygen flows in the device, including media transport, material permeability and cellular consumption, which showed that oxygen could be controlled within physiological limits, $0-15%, by slightly varying the media flow rate in the device. To verify the results of the modeling, we used oxygen sensitive and insensitive fluorophores in a ratiometric approach to measure dissolved oxygen temporally and spatially within the MPS under defined flow conditions. Consistent with the model, we confirmed that flow rates of 15 mL/h and 5 mL/h resulted in oxygen tensions comparable to Zones 1 and 3, respectively. We demonstrated zonation-dependent liver functions including oxidative phosphorylation, glucose metabolism, albumin, urea and a1-antitrypsin secretion, Cyp2E1 expression, steatosis and acute acetaminophen toxicity. The results presented here demonstrate that the LAMPS can be used to model and measure defined oxygen Zones in the liver, to investigate zone-specific liver metabolism and disease. In addition, the methods can be applied to a wide range of organ MPS.
Materials and methods

Cells sources
A single lot of cryopreserved primary human hepatocytes (lot# Hu8130) with >90% viability and re-plating efficiency post thaw, was selected from Life Technologies (Grand Island, NY). Human dermal microvascular endothelial cells (HMVEC-D) were purchased from Lonza (Walkersville, MD) and transformed liver endothelial cells, TMNK-1, were kindly provided by Prof. Alejandro Soto-Gutierrez (University of Pittsburgh). Human umbilical vein endothelial cells, EA.Hy926 and human histolytic lymphoma (human monocyte) cells, U937, were obtained from ATCC (Manassas, VA). Monocytic leukemia cells from peripheral blood (human monocyte), THP-1, were generously provided by the Center for Vaccine Research, Pittsburgh, PA (also available from ATCC). Human stellate cells, LX-2, were originally provided by Martin Yarmush, Massachusetts General Hospital are also available from EMD Millipore (Billerica, MA). The LX-2 cell is an immortalized human hepatic stellate cell that constitutively expresses key receptors regulating hepatic fibrosis, and proliferates in response to PDGF, a prominent mitogen contributing to liver fibrosis. 34, 35 Primary human hepatocytes were cultured in hepatocyte maintenance media (HMM) consisting of 96% William E medium (Life Tech, A12176-01), 4% cocktail B (Life Tech, A13448) and 10 mM Dexamethasone 1 ml/100 ml medium (Life Tech, A13449). LAMPS perfusion media consisted of HMM þ 1% fetal bovine serum (FBS) þ 10 ng/mL vascular endothelial growth factor (VEGF) (PHC9394, Fisher Scientific) þ 50 mg/mL porcine liver extracellular matrix (LECM). All perfusion media was equilibrated to atmospheric oxygen, and therefore contained 18% dissolved oxygen. 29, 36, 37 Monocyte differentiation U937 and THP-1 cells were differentiated into mature macrophages by treatment with 200 ng/mL phorbol myristate acetate for 48 h. Differentiated U937 macrophages and THP-1 monocytes release human tumor necrosis factor alpha (TNF-a) and IL-6 in response to LPS treatment, a condition reported to induce the immune mediated liver toxic response in in vitro and in vivo models. 17, 38, 39 
LAMPS assembly and maintenance
A single chamber commercial microfluidic device (HAR-V single channel device, SCC-001, Nortis, Inc. Seattle, WA) was selected for optical quality for imaging and robust mechanical design (Supplemental Figure S1 ). The devices were stored in phosphate-buffered saline (PBS) until use. The interior of the devices was dried under vacuum prior to protein coating with 100 mg/mL bovine fibronectin and 150 mg/mL rat tail collagen, type 1, alpha 2 in PBS as previously described. 17 For all steps involving injection of fluid (media, cell suspension, etc.) into the devices, 100-150 ml per device was used to ensure complete filling of fluidic pathways, chamber and bubble traps. Cryopreserved hepatocytes were thawed following the manufacturer's recommendations. Hepatocytes were pelleted at 100 Â g for 3 min, resuspended at 2.75 Â 10 6 hepatocytes/mL in Williams E medium supplemented with 5% fetal bovine serum (Cellgro, Manassas CA), 100 mg/mL Penicillin Streptomycin (HyClone, Logan, UT) and 2 mM L-glutamine, then injected into the interstitial compartment of the device for overnight incubation at 37 C to allow adherence and spreading. Plating media was removed from the device and a solution of 400 mg/ml of porcine LECM 40 (provided by Dr. Stephen Badylak's lab, University of Pittsburgh) in hepatocyte maintenance media (HMM) (Life Technology, Grand Island, NY) was added and incubated for 3 h at 37 C to create a thin matrix layer on top of the hepatocytes. A mixture of 3.0 Â 10 6 HMVEC-D cells/mL and 0.8 Â 10 6 THP-1 monocytic cells/mL in EGM-2 (Lonza) was then sequentially injected on top of the LECM, and incubated for 2 h at 37 C before the final injection of 0.4 Â 10 6 LX-2 cells suspended in 1 mL of a 2.5 mg/mL solution of pH 7.2 rat tail collagen/10 mM HEPES/HBSS. The devices were inverted for 1 h at 37 C during collagen polymerization to ensure an initial spatial separation of hepatocytes and stellate cells. The devices were re-inverted to their normal orientation and incubated overnight to allow stabilization of the model before initiating 5 and 15 mL/hour perfusion with HMM þ 10 ng/ml VEGF supplemented with 100 nM dexamethasone and 50 mg/ml of porcine LECM at 37 C in 5% CO 2 humidified atmosphere.
Perfusion rates required to achieve target oxygen concentrations were determined with a finite element computational model in COMSOL Multiphysics 5.2 (Comsol, Inc., Burlington, MA). Syringe pumps (KD Scientific, Holliston, MA) and 10 ml plastic syringes were used to perfuse the microfluidic devices at desired flow rates in a humidified tissue culture incubator (37 C in 5% CO 2 ). Two days were required to assemble and to stabilize the liver MPS. Perfusion was then initiated (called day 0) to start the experiments.
Establishing Zone 1 and Zone 3 microenvironments in individual live MPS
To test zone specific physiology, liver MPS were maintained either at 15 ml/h to create Zone 1 or at 5 ml/h to create Zone 3.
The MPS were incubated for five days to ensure the establishment of Zone 1 and Zone 3 oxygen tensions prior to physiological/molecular characterization (see below).
Sample collection and biochemical measurements
Effluent media was collected in tubes every two days for 14 days and frozen at À20 C for subsequent analysis for albumin, urea, lactate dehydrogenase (LDH), TNF-a and a-1-antitrypsin (a1AT) synthesis. Albumin was measured using an enzyme linked immunosorbent assay (Bethyl Laboratories, Montgomery TX). LDH and urea nitrogen were measured using colorimetric assays (CytoTox 96, Promega, Madison, WI, and Urea Nitrogen Test, Stanbio Laboratory, respectively). ELISA kits for human TNF-a (ThermoFisher, Pittsburgh, PA) and a1AT chemiluminescence (RayBiotech, Norcross, GA) were used per the manufacturer's guidelines. All biochemical assays of the efflux media were performed in 96 -or 384-well microplates according to manufacturer's instructions, with the exception of the blood urea nitrogen (BUN) assay, which was modified from the manufacturer's protocol by reconfiguring for a 384-well microplates and increasing the incubation time for reactants from 60 to 90 min at 60 C before reading. All biochemical assays were analyzed in 10 mL of media per readout and measured on a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA). All sample results were calculated by interpolation of sample values from standard curves performed in parallel.
Confocal imaging
The Nortis microfluidic devices have a coverslip thick glass bottom for imaging cells both live and fixed. Imaging experiments were performed using the IN Cell Analyzer 6000 (GE Healthcare, Piscataway, NJ) system. The confocal sections used to construct the cross-sectional image of the cells in the MPS were acquired on a CSU-10-ML spinning disk confocal (Solamere Technology Group, Salt Lake City, UT) using a 25 Â (1.0 NA) water immersion objective to collect 50 mm stacks at 0.5 mm spacing from 30 adjacent fields. The stacks were stitched to create a cross-sectional projection that established the distribution of the cells in the assembled model. Hepatocytes were labeled with a cytochrome-c biosensor, 17,41 a rhodamine-labeled fibronectin (Cytoskeleton, Inc., Denver, CO) was diluted 1:10 (final concentration of 40 mg/mL) in the LECM (400 mg/mL) and the HMVEC-D cells were labeled with a 1:100 dilution in PBS of primary antibody to CD31 (Clone WM59,BD Biosciences) followed by a 1:100 dilution in PBS of Cy5 labeled secondary (Cy5-donkey anti-mouse IGG, Jackson ImmunoResearch Labs). Following overnight labeling, devices were washed twice in 1 Â PBS for 10 min, and stored in PBS at 4 C.
Modeling oxygen tension
Oxygen tension in the LAMPS was computationally modeled using COMSOL Multiphysics v5.2. A CAD model of the device was provided by Nortis, Inc. The Comsol modules for Free and Porous Media Flow and Transport of Dilute
Species were used to model flow and diffusion, respectively, using the parameters listed in Supplementary Table S1 . The bottom glass base was treated as oxygen impermeable, while the side and top channel walls were modelled as PDMS with an inward oxygen flux of 3.25 e-9 moles/m 2 /s 42 occurring at the PDMS-media boundary. Hepatocytes on the collagen-fibronectin coating were modelled as a thin 25 -mm layer on the glass base of the device. Oxygen consumption in this layer was modelled using Michaelis-Menten kinetics in the COMSOL model. The Michaelis-Menten equation 42 is
where V max and K m are the oxygen kinetic parameters listed in supplementary Table S1 and cell is the overall cell density. The remaining space was modelled as filled with hydrogel with an initial O 2 concentration of 18%. 29, 36, 37 A range of oxygen consumption rates (OCR) for hepatocytes (0.3-0.9 nmol/s/10 6 cells) have been reported in the literature. [43] [44] [45] To examine the effect of varying OCR, values ranging from 0.375 to 0.45 nmol/s/10 6 cells were used in the COMSOL simulation. To explore the variability in cell seeding density in the Nortis device, simulations were run for cell numbers of 50,000, 60,000, and 70,000 cells/device. The flow rates used in the simulation were 0, 5 and 15 mL/h. Cell seeding densities and the 5 ml/h flow rate were based on previous work that used a prototype version of the Nortis microfluidic device used here. 17 COMSOL simulations indicated that a 5 ml/h flow rate created zone 3 oxygen tensions, while a 15 -ml/h flow rate created zone 1 oxygen tension. Media flowing into the MPS was considered to have been equilibrated with atmospheric oxygen and therefore containing 18% dissolved oxygen. 29, 36, 37 The simulations in all cases were run using a coarse mesh to model 18 h of flow at 1-h intervals. The COMSOL simulations were also used to evaluate the maximum shear stresses that are generated inside the LAMPS, 20 mm above the glass surface, for 5, 15 and 50 mL/h.
Measuring oxygen tension
Oxygen tension was measured by ratio imaging of a solution of the oxygen sensitive dye Tris(2,2 0 -bipyridyl) dichlororuthenium(II)hexahydrate (RTDP) (Catalog #544981-1 G, Sigma Aldrich) with the oxygen insensitive dye Alexa Fluor Õ 488 Carboxylic Acid, tris(triethylammonium) salt (Alexa 488) (Catalog #A33077, Life Technologies) (Supplemental Figure S2 ) in order to normalize the measurements for any variations in pathlength and other optical perturbations. 46 Glucose oxidase from Aspergillus niger Type VII, lyophilized powder was sourced from Sigma Aldrich (Catalog # G2133-10 KU). Stock solutions of 150 mM RTDP and 1 mg/mL Alexa 488 were prepared in PBS and stored at À20 C. For use in ratiometric oxygen measurements, the dyes were further diluted in HMM to final concentrations of 150 mM RTDP and 0.667 mg/ml Alexa 488.
A simplified LAMPS model consisting of primary human hepatocytes with collagen ECM matrix overlay was used to develop and test the oxygen measurements. Devices were pretreated with ECM as described earlier followed by plating with hepatocytes. After allowing hepatocytes to attach overnight, the device was filled with collagen which polymerized to form a collagen gel ECM that filled the remaining space in the chamber and microfluidic channels. Flow with HMM containing 18% dissolved oxygen was initiated at 5 mL/h or 15 mL/h the next day and devices were maintained under flow for two days to allow the cells in the model time to assemble before making oxygen measurements.
To measure oxygen, devices were transferred to the IN Cell Analyzer 6000 where the environmental chamber maintained 37 C for the course of the measurement. Devices were initially loaded with dye containing media at 200 mL/h for half an hour, then flow was ramped down to the target flow rate (5 or 15 mL/h) over a period of 20 min. Images were taken after 4 h at the target flow rate. When measurement imaging was complete, calibration images were taken on the same device. For calibration at 0% and 18% oxygen, flow with the respective calibration solution was initiated at 200 mL/h for half an hour to replace the media in the device before ramping down to the target flow rate (5 or 15 mL/h) over 20 min, followed by imaging. The 0% oxygen calibration solution included 0.2 mg/ml glucose oxidase, an oxygen scavenger, in HMM containing dye. The 18% oxygen calibration solution included 10 mM Antimycin A, an inhibitor of oxidative phosphorylation, in HMM containing dye. Both RTDP and Alexa 488 were imaged with a 488 nm laser excitation at 60% laser power, 20 Â magnification, a 1.49 airy unit confocal slit width and a 1 s exposure. RTDP was imaged with a 605(40) nm emission filter and Alexa 488 was imaged with a 520(25) nm emission filter. Images were collected from 15 fields in the main chamber of each device, 80 mm above the coverslip glass bottom.
For each field, three RTDP/Alexa 488 intensity ratios were obtained -one after 4 h of flow at the target flow rate with live cells, one for 0% oxygen, and for 18% dissolved oxygen. The three ratiometric intensity values were used in the Stern-Volmer equation to calculate the oxygen concentration. The Stern-Volmer equation 47 is
where I and I 0 are the fluorescence intensities at the given oxygen condition, O 2 ½ , and at 0% oxygen respectively. K q is the Stern-Volmer constant calculated as
where I 18 is the fluorescence intensity at 18% oxygen (oxygen saturated media) and O 2 ½ air is 18%. Since a ratiometric approach was used, I was substituted as the ratio of RTDP Intensity to Alexa 488 Intensity, with I 0 and I 18 being those measured at 0% and 18% Oxygen conditions. No 
Steatosis measurements
Cells were fixed by injecting the devices with 4% paraformaldehyde in PBS for 30 min at room temperature then washed twice for 5 min with PBS þ 1% bovine serum albumin (BSA). Following fixation, HCS LipidTOX TM Deep Red Neutral Lipid Stain (H34477, ThermoFisher Scientific) was injected to label lipid droplets for 2 h and then washed for 5 min with PBS. The devices were then imaged on the IN Cell Analyzer 6000 as a 3 Â 5 array of adjacent fields covering an area 2 Â 3.5 mm at 20 Â magnification. Lipid droplets were identified by interactive selection of a threshold followed by watershed segmentation in FIJI. 48 The analyze particles function was used to measure the average area and count the lipid droplets with a size greater than 120 mm 2 in Zone 1 and Zone 3 liver MPS.
CYP2E1 measurements
LAMPS models were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature, washed for 5 min with PBS while shaking, and then incubated in 0.15 M glycine in PBS for 30 min. Devices were then washed with PBS for 10 min, after which 0.5% Triton X-100 in PBS was added for 15 min to permeabilize the cellular membranes. Devices were then rinsed twice with PBS for 10 min and blocked for 1 h at 4 C with 1% fatty acid free BSA and 1% donkey serum in PBS. Devices were incubated overnight at 4 C with a primary antibody to Cyp2E1 (SAB1405688, Sigma) diluted (1:200) in PBS with 5% donkey serum. After labeling with the primary antibody, the devices were incubated overnight at 4 C with a Cy5-donkey antimouse antibody (Jackson ImmunoResearch Labs) using a 1:100 dilution in PBS with 5% donkey serum. Lastly, devices were washed twice in PBS for 10 min, and stored in PBS at 4 C. Immunostained devices were imaged at 20Â on the IN Cell Analyzer 6000 as a 3 Â 9 array of adjacent fields covering an area 2 Â 6 mm. Images were segmented by interactive selection of a background threshold and analyzed field-by-field for average Cy5 intensity using FIJI. The resulting values were averaged.
Acetaminophen toxicity
Stock solutions of 5 M acetaminophen (Sigma, St. Louis, MO) were prepared from powder by dissolving in DMSO. These were diluted 1:500 in perfusion media to give the final concentration of 10 mM that was used for acute drug treatment. For drug free controls, DMSO was added 1:500 to perfusion media. After collecting the fifth day pretreatment efflux (time ¼ 0 h), devices were subjected to either 10-mM drug treatment or controls (3 each per condition). Flow was initiated at 50 mL/h for all devices to rapidly exchange the chamber media. After 1 h, efflux was collected (time ¼ 1 h) and then flow changed to 10 mL/h for all devices. Because this was an acute 5.5-h study, the hepatocytes were expected to maintain their functional state for the duration of the study, so a uniform media flow rate was used for all devices. Efflux was collected at three additional 1.5 h intervals (t ¼ 2.5, 4.0, 5.5) for a total of 5.5 h of flow at 10 mL/h. The collected efflux was analyzed for LDH and the drug treated devices at each flow rate (5 or 15 mL/h) were normalized to their respective drug free controls.
Results
LAMPS: Next generation liver MPS
The previously published SQL-SAL 1.0 is a 3D microfluidic four human cell type liver MPS that partially recapitulated the organization of cells in the liver acinus, and successfully demonstrated multiple liver functions and responses to drug treatments, consistent with clinical studies. 17 However, the development of any organ MPS is an evolutionary process starting with some minimal level of sophistication and functionality with the strategy to increase the physiological significance. 17 The LAMPS improves on the architecture and function of the SQL-SAL 1.0 to enhance consistency with the human liver acinus. Table 1 compares the design of the SQL-SAL 1.0 with the LAMPS used in this study. Modifications were made to SQL-SAL 1.0 to measure and control oxygen tension and to establish Zone 1 and Zone 3 oxygen tension conditions, to improve the spreading of a primary human endothelial cell layer, and to increase the secretion of cytokines and growth factors by nonparenchymal cells.
Because of the importance of oxygen zonation in liver toxicology and disease, we will first address the modeling, measurement and control of oxygenation in the liver MPS, how those methods enable the recapitulation of specific oxygen Zones in individual LAMPS, and then show how the control of oxygenation in the MPS alters the physiology of the cells in a manner consistent with what is known about zonation dependent physiology in the human liver. The goal is to have liver MPS where Zone specific functions can be investigated (Figure 1 ).
Like SQL-SAL 1.0, LAMPS was constructed in a microfluidic chamber of about 50 mL volume illustrated in Figure 2 (a), in a commercial Nortis device (Supplemental Figure S1 ). The four cell types were sequentially seeded in the chamber as described. To verify the layering of the cells in the chamber (Figure 2(b) ), the liver MPS was constructed with hepatocytes expressing a GFP analog of cytochrome-c, LECM labeled with Cy3-fibronectin, and once the completed model had stabilized for several days, it was fixed and the endothelial cells were labeled with a CD-31 antibody, followed by a Cy5-secondary. Confocal imaging was used to collect a 3D set of images to evaluate the localization of the cells in the liver MPS. Figure 2(c) shows an X-Z section from the model that illustrates the layered organization of the hepatocytes (green), LECM layer (red) on the hepatocytes, with the endothelial cell layer (blue) on top. Overall thickness of the layers is about 12-15 mm (white scale bar is 10 mm).
Modeling O 2 tension in the LAMPS
Oxygen tension in the LAMPS is determined by the oxygen influx through the PDMS in the Nortis device, the oxygen transported in the media, and the consumption of oxygen by the cells. Although all the cells consume oxygen, the hepatocytes are a major portion (40%) of the cells, and they consume 10 times more oxygen than the other cell types, 53, 54 so estimates of oxygen consumption were calculated based on the hepatocytes. Of these parameters, the media flow rate is the easiest to control experimentally, and therefore we used COMSOL to model the oxygen tension as a function of media flow rate. The parameters used for the model are listed in Supplemental Table S1 . Oxygen tension was calculated over an 18-h simulation period and a flow rate of 15 mL/h resulted in steady state oxygen level ranging between 12-15% (Figure 3(a) ) while a 5 mL/h flow rate resulted in an oxygen level of 3-6% (Figure 3(b) ) in the main chamber using reasonable published values in the computational model. Note that in both cases there is a shallow gradient in the chamber. The simulations in Figure 3 (c) were run using 70,000 cells and an OCR of 0.45 nmol/s/10 6 cells.
It was important to evaluate the sensitivity of the COMSOL model to the cell number and OCR. Although counting the cells in the MPS chamber is consistent with the number chosen for the computational model (data not shown), there can be some variability in cell density from device-to-device. Increasing the cell number in the simulation from 60,000 to 70,000 cells lowered the steady state oxygen level $1.5% at 15 mL/h, and $2.5% at 5 mL/h (Supplemental Figure S3 (a)) but the difference in O 2 tension between the two flow rates remained about 8-10%. Because published values for hepatocyte OCR vary, and indeed may vary from lot-to-lot or species-to-species, we also examined the sensitivity of the model to OCR by running the simulation with OCR ¼ 0.375, 0.40, 0.425 and 0.45 nmol/s/10 6 cells (Supplemental Figure S3(b) ). Increasing OCR from 0.375 to 0.45 reduced the steady state oxygen level by about 2% at 15 mL/h and about 4% at 5 mL/h. Over this range of OCR values, the difference between the oxygen levels at 5 and 15 mL/h ranged from 6 to 8%. Although the diffusion of O 2 in PDMS has been well characterized, we wanted to evaluate the magnitude of the contribution of O 2 diffusion in PDMS to the final O 2 tension, and to explore what the O 2 tension would be in an O 2 impermeable plastic. In this same simulation, we further evaluate O 2 tension in the absence of flow, as when the flow is interrupted or the model is maintained in static state. To investigate these effects, simulations were carried out at 3 flow rates -0, 5, and 15 mL/h, with and without oxygen diffusion though PDMS. The results of these simulations are shown in Figure 3(d) .
In the absence of O 2 diffusion in PDMS, the O 2 tension drops about 5% at 15 mL/h, and essentially to 0% in 3 h with no flow. In static conditions, the O 2 tension drops to near 0% in 3 h, with or without O 2 perfusion through PDMS, indicating that the OCR by the hepatocytes is much greater than the diffusivity through PDMS in this model. The COMSOL simulations were used to evaluate the maximum shear stresses generated in the LAMPS. Differences in shear stress at flow rates of 5 and 15 mL/h might also contribute to observed differences in cellular functions. The COMSOL simulations indicated shear stress of 0.11 mPa, 0.34 mPa and 1.13 mPa at flow rates of 5, 15 and 50 mL/h, respectively. The shear stress in these experiments are more than three orders of magnitude below the ''low'' shear stresses of 1-33 mPa that were reported to have no significant effect on albumin or urea secretion by rat hepatocytes relative to controls. 22 In another study, Park et al. 55 demonstrated that ''low'' shear stresses of 23-50 mPa had no significant impact on hepatocyte viability.
Measuring O 2 tension in the LAMPS
The calibration and measurement of O 2 , and the sensitivity to cell number predicted by the COMSOL model were initially tested in microplates (Supplemental Figure S4) . The data show that the calibrated O 2 measurements using the ratiometric method described in materials and methods (Supplemental Figure S4(b) ) and the COMSOL model (Supplemental Figure S4(c) ) were in good agreement, and showed that at 30,000 cells/well the OCR by the hepatocytes on the bottom of the plates was sufficient to create an oxygen gradient axially in the microplate well. The oxygen tension was then calibrated and measured in the LAMPS after 4 h of flow at 5 and 15 mL/(red square and red diamond in Figure 3(c) ), for comparison with the COMSOL simulations. The results demonstrate that measurements taken at 5 and 15 mL/h agree with the simulations for 60-70,000 cells and an OCR of 0.45 nmol/s/10 6 cells.
Improvements to the cells and organization of the SQL-SAL model
Several modifications were made to the construction of the LAMPS ( Table 1 ). The hepatocyte layer in the model was coated with a thin layer of porcine LECM to mimic the space of Disse, and provide an ECM surface on which the endothelial cells can attach, proliferate and form a protective layer. Figure 2(c) shows a cross-sectional image of the model showing that the layering of the hepatocytes, LECM and endothelial cells corresponds to the illustration in Figure 2(b) .
To identify an improved endothelial cell line, three endothelial cell types were evaluated in co-culture with human primary hepatocytes: EA.Hy926 (the cell line used in SQL-SAL 1.0); TMNK-1 transformed liver endothelial cells; and HMVEC-D human dermal microvascular endothelial cells. Co-culture with HMVEC-D cells resulted in a steady increase in albumin secretion out to seven days and about twice as much albumin secretion as co-culture with EA.Hy926, whereas co-culture with TMNK-1 cells stimulated only about half as much albumin secretion as EA.Hy926 at seven days (Supplemental Figure S9(a) ). Furthermore, co-culture with HMVEC-D cells resulted in a steady increase in urea secretion out to seven days and more than 1.5 times the secretion in the EA.Hy926 co-culture. Co-culture with TMNK-1 cells resulted in significantly lower urea secretion than EA.Hy926 (Supplemental Figure  S9) . These results demonstrate the significant interaction between the endothelial cells and the hepatocytes. Although liver endothelial cells (TMNK-1) might seem to be a better choice for the model based on their source, the HMVEC-D cells appear to provide a more physiological interaction with the hepatocytes, and therefore were chosen for use in the LAMPS. We continue to explore the use of primary liver-specific endothelial cells that will further improve the physiological value of the liver MPS.
Because immune mediated toxicity is an important mode of toxicity, having a functional Kupffer-like immune cell is an important component of the LAMPS model. Two different immune cells were evaluated in the LAMPS. The U-937 cells used in the SQL-SAL 1.0 were compared with THP-1, a monocytic cell line. When differentiated with TMA, and then exposed to 100 ng/mL LPS, the THP-1 cells were shown to release more than 10 times the amount of TNFalpha as the U-937 cells (Supplemental Figure S10) , and therefore were adopted in the LAMPS model.
Impact of oxygen zone-specific conditions on oxidative phosphorylation and glucose metabolism
Oxidative phosphorylation was measured indirectly as mitochondrial membrane potential, by labeling the mitochondria with TMRE (tetramethylrhodamine ethyl ester), a cell permeant red fluorescent dye that is sequestered in mitochondria in proportion to the intact membrane potential. Higher TMRE fluorescence indicates higher mitochondrial membrane potential, indicative of higher oxidative phosphorylation. Oxidative phosphorylation is known to be greater in Zone 1 than Zone 3 (Figure 1(c) ). Three separate LAMPS devices at each flow rate (5 and 15 mL/h) were loaded overnight with media containing TMRE (100 nM). The next day, 12 fields were imaged in the central chamber of each device (see Figure S7 ), and the average TMRE fluorescence intensity in the stained area of the image was measured. The average intensity was normalized by the nuclear count for each device to eliminate cell density effects. TMRE intensity of the devices at 15 mL/h (Zone 1) was found to be significantly higher (P 0.05) as compared to devices at flow rate of 5 mL/h (Zone 3) in agreement with expected zonation differences (Figure 4(a) ). In parallel, efflux was also collected from each device to measure the amount of glucose remaining in the efflux media as an indication of the level of glycolysis. The amount of glucose remaining in the media was found to be significantly lower (P 0.05) at 5 mL/h than 15 mL/h implying a higher level of glycolysis in Zone 3 (Figure 4(b) ).
Impact of zonation on protein secretion and expression
Oxygen zonation in the liver effects protein secretions as well as expression of metabolic enzymes. To evaluate the capability of the LAMPS to recapitulate zonation dependent protein secretions, efflux media was collected and measured for albumin, urea and a1AT. Albumin synthesis from days 4 to 14 in the Zone 1 model was more than twice that observed in the Zone 3 model ( Figure 5 ). Similarly, urea secretion from the Zone 1 model was approximately twice that in the Zone 3 model ( Figure 5 ). In contrast, alpha-1 antitrypsin secretion was 5-fold higher in the Zone 3 model compared to the Zone 1 model ( Figure 5 ). Taken together, these three secretion markers gave us confidence that the LAMPS models recapitulate in vivo zonation dependent physiology. As a further indication of zonation dependent physiology, immunohistochemistry labeling of cytochrome P450-CYP2E1 in the two models showed that expression level was uniform throughout the LAMPS, and was 1.5-2Â higher in the Zone 3 model than in the Zone 1 model ( Figure 5 ), consistent with in vivo physiology. 10 
Zonation dependent lipogenesis (steatosis)
Lipid storage in the liver is a highly dynamic and controlled process influenced by physiologic, hormonal and nutrient signals. The venous and arterial blood supply of hepatic blood produces structured environments that affect lipid zonation. In this study, hepatocytes under a lower oxygen concentration (Zone 3 model) displayed a 6Â higher number of lipid filled cells compared to the Zone 1 model ( Figure 5) , consistent with characteristics observed in the human liver, 13 in which liver histology specimens displayed numerous large lipid droplets most prominent in hepatocytes surrounding the central vein (Zone 3).
Impact of zonation on acetaminophen toxicity
Acetaminophen hepatotoxicity is dependent on the increased expression of Cyp2E1 found in the Zone 3 perivenous human hepatocytes 56 and also demonstrated in the Zone 3 LAMPS ( Figure 5 ). While devices were maintained at 5 and 15 mL/h for five days for zone conditioning, acute drug exposure was carried out at the same flow rate (10 mL/h) to standardize the exposure to the drug. The Zone 3 conditioned devices displayed a significant increase in LDH release (maximum of $10-fold) compared to the Zone 1 conditioned devices, consistent with human studies showing acetaminophen toxicity occurs primarily in Zone 3. 56
Discussion
Next generation LAMPS
Here we describe an improved version of the human liver MPS (LAMPS). This next generation liver MPS better recreates the structural organization and physiology of the human liver sinusoid, through improvements in three main areas: (1) 3D structure/matrix; (2) improved cellular functions; and (3) control of oxygenation (specific zones established in single MPS). The improved layering of the cells and the inclusion of the porcine LECM layer to mimic the Space of Disse, provides a surface on which the endothelial cells can proliferate to form a barrier layer isolating the hepatocytes from flow and to better model the in vivo relationship between hepatocytes and endothelial cells. LAMPS also has improved endothelial and Kupffer-like immune cells. Because we were using four different cell types in this MPS, we also used an improved perfusion media consisting of HMM plus FBS, VEGF and LECM which supported the growth and health of both hepatocytes and NPCs. The improved architecture and new nonparenchymal cell types and media were shown to enhance albumin and urea secretions and the more robust release of TNF-alpha in response to LPS. However, a more universal media with less glucose and dexamethasone that supports all liver functions is still under development. 57 LAMPS also offers a unique approach to controlling oxygenation, using computational modeling to optimize oxygen flows and experimental methods to measure oxygen in the models. As a result, LAMPS models were shown to recreate liver Zones 1 and 3 oxygen microenvironments in separate devices and multiple physiological functions known to be associated with those microenvironments. The oxygen tensions achieved in the LAMPS closely mimic oxygenation in the in vivo liver. The ability to stimulate specific zonation functions in cryopreserved primary human hepatocytes supports the perspective that these cells are relatively ''plastic'' and can be induced to function differently under different microenvironmental conditions. 58 Taken together, the improvements in the LAMPS were shown to model zonation-specific functions including albumin synthesis, nitrogen metabolism and cytochrome P450 (CYP) activity, 40 and are expected to lead to a better understanding of liver physiological functions in the toxic response as well as for modeling liver diseases.
Other liver model systems have used cell-cell interactions, cell-matrix interactions, modifications to cell media, or scaffolds to promote the maintenance of liver cell viability and function. 4 Previous studies have shown that biomaterials such as porcine LECM retain numerous molecular constituents including cell adhesion proteins and immobilized growth factors found in the native tissue. 59 In LAMPS, we improved the structural organization of the model by depositing a thin layer of porcine LECM between the hepatocytes and endothelial cells, to mimic the space of Disse (Figure 2 ). The Space of Disse is a less than 1 mm layer between the hepatocytes and the liver sinusoidal endothelial cells (LSEC) that protect the hepatocytes from the shear generated by the blood flow. 60 The endothelial cells in the liver help to exchange some mid and small size molecules between the hepatocytes and the blood stream. The complex composition of proteins in the porcine LECM used here should better resemble the human LECM, sharing the composition of collagen, fibronectin and laminin that helps to mimic the human liver microenvironment. Other methods have been used to artificially mimic the space of Disse, including an ultrathin collagen layer 61 and the use of polyelectrolyte multilayers of chitosan-hyaluronic acid. 62 However, it is well established that LECM also has growth factors which regulate hepatocyte function. 40 Furthermore, it has been shown that sinusoidal endothelial cells cultured in LECM maintain their phenotype for a longer period of time due to microenvironmental factors. 63 We are currently testing LSECs for the next generation liver MPS that will also have a vascular unit.
Measuring oxygen tension in LAMPS
Oxygen measurements in microfluidic devices typically have relied on the use of fluorescent probes that are quenched by oxygen, such as ruthenium dyes or platinum/palladium porphyrin dyes. Such dyes can be incorporated into the media and flowed through the devices, [64] [65] [66] patterned as spots or thin films that are integrated into the device at the time of fabrication, 29, [67] [68] [69] or as particles or beads that are introduced into the device after assembly. [70] [71] [72] In this study, we used a solution of RTDP in media in order to measure oxygen temporally and spatially throughout the LAMPS volume. Although RTDP concentrations higher than 0.2 mM were reported to be phototoxic, lower concentrations were found to be cell compatible. 73 RTDP was first used for intra-cellular measurements, since it is taken up by cells over time. 74 This is a drawback when being used for extracellular oxygen measurements, as it was here, since it limits the amount of time the MPS system can be exposed to RTDP prior to the measurement, and therefore limits long-term continuous oxygen monitoring. Because of this limitation, some recent work has used RTDP to characterize oxygen concentrations in cell free channels and then culture cells with no dye; [75] [76] [77] however, this has the disadvantage that the impact of cellular oxygen consumption is not taken into account. In the LAMPS model, oxygen consumption has a significant effect on the steady state oxygen tension (Supplemental Figure S3 ). Polymers or beads with integral or attached fluorescent oxygen probes should avoid the cellular uptake issue and can be distributed spatially within the MPS. Beads are an attractive alternative to dye solutions and we are currently evaluating commercial options and synthesized versions.
Quenching of fluorescence can be measured either by fluorescence intensity or fluorescent lifetime. Fluorescence intensity measurements can be made with essentially any fluorescence microscope imaging system, but as an extensive property that depends on the path length and dye concentration, a normalization is required, such as by ratio imaging as presented here. 46 Fluorescence lifetime avoids volume and concentration effects, and is therefore often used. However, fluorescence lifetime requires more specialized equipment, not found in most labs. In this study, we demonstrated the calibration of an established oxygen sensitive fluorescent dye, RTDP, through ratio imaging with Alexa 488. RTDP and Alexa 488 are both soluble in media and can be flowed throughout an MPS system, allowing spatial and temporal measurements of oxygen. This approach is generally applicable to microfluidic systems that are amenable to imaging.
Characterization and control of zonation
Relatively, few MPS studies have addressed measuring, modeling and controlling oxygenation in microfluidic Lee-Montiel et al. Control of oxygen zone in a human liver microphysiology system 1627 systems. As a result, the oxygen levels in many organ MPS with the potential impact of oxygen tension on cell health and function are not known. Variation in oxygen tension has been shown to impact oxygen consumption, metabolic functions, protein synthesis, and gene expression. It is therefore imperative to measure and to control the oxygen level in MPS. The human primary hepatocytes used in this study have a relatively high oxygen consumption rate, ranging from 0.3 to 0.9 nmol/s/10 6 cells, due to their high number of mitochondria. 78 For reference, HepG2 cells consume 10-fold less oxygen. 79, 80 It is clear from Figure 3 (d) that in this model, both media flow and PDMS permeability play important roles in regulating oxygen. It is also clear that PDMS permeability alone does not provide adequate oxygenation of the cells, and that without PDMS permeability, such as in an oxygen impermeable plastic device, much higher flow rates would be required to maintain the oxygen tension in the model. These results suggest that analysis of oxygenation of microfluidic cellular models should be an integral element of the design of MPS, and also measured in the device under normal operating conditions. The sensitivity of the oxygen tension to media flow rate in the LAMPS turned out to be an advantage, allowing simulation of liver Zones 1 and 3 with a relatively small variation in flow rate in the very low shear domain from 15 mL/h to 5 mL/h, respectively. Because we were able to create distinct Zones in individual devices, this MPS can also be used to investigate zone-specific diseases and toxicology. 6, 81 Regulating oxygen levels by slightly varying the flow rate is easily accomplished and requires no additional equipment or materials. However, this method only works in microfluidic systems with the right balance of OCR, material permeability and media flow rate. While hepatocytes have a relatively high OCR, requiring more oxygen influx, control of oxygen by modulating the media flow rate for other cell types with lower OCR may also be possible, but may require a greater variation in flow rate.
The drawback to using flow for oxygen control is that the effects of oxygen might be confounded by shear stress, variation in transport of other media components, and removal of cellular secretions and waste products. 22, 82 Shear forces have been shown to effect albumin and urea secretions, CyP450 activities, cell morphology and viability and likely impact other functions. [83] [84] [85] Shear forces near the hepatocyte layer were calculated using COMSOL, and at flow rates of 5 and 15 ml/h, the shear stresses were 0.11 mPa and 0.34 mPa, respectively. Tilles et al. 22 examined the effects of shear stress using rat hepatocytes co-cultured with 3T3-J2 fibroblasts in a microchannel flat plate bioreactor. After three days of flow, they found that ''lower'' wall shear stresses (1-33 mPa) resulted in a 2.6-fold and 1.9-fold higher albumin and urea secretion, respectively, compared to higher shear stresses (500-2100 mPa). More importantly, within the range of ''lower'' shear stresses tested (1, 7, 18 and 33 mPa), there were no significant differences in albumin or urea synthesis. This indicates that over a 33-fold range in shear stress from 1 to 33 mPa, there is no significant impact on the hepatocytes secretion of albumin and urea. Park et al. 55 demonstrated that after 36 h of perfusion at ''lower'' shear stresses (23-50 mPa), hepatocyte viability was >94%, while higher shear stresses (101 mPa and 504 mPa) reduced the viability to 28% and 0%, respectively. Thus, primary hepatocyte function and viability are clearly affected by shear stresses greater than, or approximately equal to 100 mPa.
In contrast, the shear stresses generated in the LAMPS are more than three orders of magnitude lower than the ''low'' shear stresses that were shown in the studies cited above to have no significant effect on albumin, urea or viability. Furthermore, the 3-fold range of flow rates used in this study is very small relative to the 33-fold range evaluated by Tilles et al. 22 which resulted in no significant variation in albumin or urea production. Considering that the measured responses, including increases in a1AT, Cyp2E1, steatosis and acetaminophen toxicity in Zone 3 (lower shear) and the decrease in albumin and urea in Zone 3 (lower shear) are consistent with what is known about the effect of oxygen zonation on cellular functions, the zonation effects observed in the LAMPS are unlikely to result from the difference in shear stress between the two models. However, although there is no evidence that primary hepatocytes are sensitive to the low shear forces in the LAMPS model, stem cell-derived hepatocytes may be more sensitive to shear. In one study, it was shown in 2D cultures of human embryonic stem cell-derived hepatocyte like cells (HLCs), that Cyp1A2 activity increased 4-fold from near the static activity, when the shear force was increased from 2.9 mPa to 4.7 mPa. 85 In 3D culture, however, both shear forces led to about a 7-fold reduction in Cyp1A2 activity relative to control.
Implications of oxygen tension in other organ MPS and device materials
All organ MPS require appropriate physiological oxygen levels in order to accurately mimic organ level metabolism. This becomes a major challenge as the focus moves towards interconnecting organs each with their own oxygen requirements. Oxygen-dependent metabolism is well known in the liver, but some organs such as the lungs and brain require higher or lower oxygen tensions, 86 while others operate under a gradient. Conventional approaches to organ MPS however rarely characterize or control the oxygen levels available to cells. This can be attributed to the complexity of such systems -with multiple cell types and fluidic channels, and to the difficulty in measuring oxygen levels with precision at regions of interest. PDMS, a common material for fabricating microfluidic devices, is oxygen permeable. However, the thickness of the PDMS layer and distance between PDMS boundary and cell layer (thickness of flow channel) can greatly slow the flux of oxygen to the cell layers. The use of oxygen impermeable plastic devices makes it even more crucial to define the oxygen levels in these devices for normoxic function. Too low a flow rate can create a hypoxic environment, while higher flow rates can result in a hyperoxic environment and shear stress induced damage, both of which are detrimental to the physiology.
Demonstration of zonation dependent physiology in the LAMPS
The Zone 1 and Zone 3 LAMPS models successfully demonstrated zonation dependent physiology of oxidative phosphorylation, glycolysis, albumin, urea and a1AT secretion, Cyp2E1 expression, steatosis, and acetaminophen toxicity that were consistent with known in vivo physiology. In the Zone 1 LAMPS model, albumin and urea secretion out to 15 days were significantly higher than the SQL-SAL 1.0, while the Zone 3 LAMPS model was only slightly higher ( Figure 5 vs. Figure 3 in Vernetti, Senutovitch 17 ). This is consistent with the operation of the SQL-SAL 1.0 at 5 mL/h, like the Zone 3 LAMPS, suggesting that SQL-SAL 1.0 may have been more like the Zone 3 model, again emphasizing the importance of measuring oxygen tension in microfluidic organ models, even though the PDMS construction provides oxygen permeability. The consistency of zonation dependent physiology over the broad range of markers assayed in this study gives a high degree of confidence that the LAMPS can reliably recreate zonal physiology.
Although acetaminophen hepatotoxicity has been well known and well-studied for five decades it continues to account for 50% of drug-induced acute liver failure and nearly 20% of the liver transplant cases from accidental and intentional overdosing. 87 Anundi and Lahteenmaki 88 first reported acetaminophen toxicity was dependent on the increased expression of Cyp2E1 found in the Zone 3 perivenous hepatocytes. In the LAMPS, we found almost twice the expression of Cyp2E1 in Zone 3 vs. Zone 1 ( Figure 5 ). Following high level of acetaminophen ingestion enough of the reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI) from CYP2E1 (with minor contributions from Cyp 1A2 and Cyp 3A4) metabolism exhausts protective GSH in the hepatocytes. Although the molecular target of NAPQI is not known, most research agrees NAPQI covalent binding to mitochondrial and other proteins is most likely the cause of hepatocellular death. 89, 90 Acetaminophen was chosen as the model toxin to confirm preferential Zone 3 toxicity in the LAMPS zonation model.
In summary, the LAMPS is robust and easy to assemble and to operate. It recapitulates liver acinus structure and multiple zone-specific functions. In its current form, the LAMPS is most amenable to low throughput, acute through chronic studies, including liver disease models, evaluating the effects of varying concentrations of hormones or other regulators, prioritizing compounds for preclinical studies, optimizing chemistry in structure activity relationship (SAR) projects, as well as in rising dose studies for initial dose ranging.
Future prospects
The performance of the LAMPS model in simulating Zone 1 and 3 physiology demonstrates that it will be a valuable model for drug safety and disease modeling. Human zone-specific physiology, toxicology and disease modeling can now be explored in detail over time. A limitation of the model as described here is that Zone 3 is not downstream from Zone 1, as it would be in vivo. Results indicate that the functional differences measured here were consistent with what is known about zonation effects, despite the standalone Zone 3 model. Perhaps some differences in the magnitude of these functional differences, or differences in other functions would be observed in a more physiological arrangement. One experimental approach to addressing this question is to couple Zone 1 and Zone 3 LAMPS, which will require modulating the flow rate between Zone 1 and Zone 3, or an alternative approach to creating zonation in the model.
Further optimization of the liver MPS includes development of an all induced pluripotent stem cell (iPSC) version for personalized toxicity and disease modeling combined with a more general physiological media that supports hepatocyte and non-parenchymal cell functions. Although using primary human NPCs in the LAMPS might have provided a better model of the human liver, we chose to use cell lines for the reliability and reproducibility at this time. We will be using all human primary cells in future experiments, followed by the introduction of iPSCs. In addition, a vascularized liver MPS is important to allow physiologically relevant flow within the ''sinusoid,'' coupled with a distinct and lower interstitial flow in a 2-chamber design. The vascularized liver MPS in development should allow the creation of zonation within a single liver MPS, as well as allowing more physiologically relevant coupling in multiorgan MPS.
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